A sensitive, novel and rapid chemiluminescence (CL) method combined with high-performance liquid chromatography (HPLC) separation for the determination of salicylic acid (SA) is described in this work. The method was based on the fact that SA could significantly enhance the CL of the reaction of cerium sulfate and the tris(2,2-bipyridyl) ruthenium(II) CL system in the presence of acid. Under the optimal conditions, the CL intensity was linear over concentrations of SA in the range of 0.02 -10 × 10 -6 g/mL, with a detection limit of 8 × 10 -9 g/mL (S/N = 3). Also, the relative standard detection was 2.2% for 1.0 × 10 -7 g/mL (n = 11). The proposed method has been successfully applied to the analysis of SA in human serum samples and urine samples with satisfactory results.
Introduction
Salicylic acid (SA) is an important compound, and is widely used as an antifungal agent in many pharmaceutical preparations. SA is often used to whiten the skin, because they can control the formation of melanin. Long-time use with high doses of SA will result in a salicysism effect, syrigmus, dizziness, nausea and so on. When the concentration of SA in human serum is up to 3.0 × 10 -4 -4.0 × 10 -4 g/mL, this leads to a general toxic conditions in people. Therefore, it is very important to develop highly sensitive and rapid analytical methods for the determination of SA in biological fluid samples.
To monitor the doses and verify compliance it is very important to establish quantitative methods for determinations the concentrations of SA in human urine samples and serum samples. A variety of methods are available for the determination of SA, including spectrophotometry 1 (detection limit, DL, 5.952 × 10 -6 g/mL), flow-injection analytical atomic absorption spectrometery (FIA-AAS) 2 and high-performance liquid chromatography (HPLC) [3] [4] [5] 9 (DL = 3.8 × 10 -8 g/mL); Although UV detection cannot be used to achieve low detection limits, MS 6,7 detection (DL = 1.5 × 10 -8 g/mL) and FL 8 detection (DL = 1.38 × 10 -9 g/mL) can achieve low detection limits for applications to pharmaceutical samples. The chemiluminescence (CL) method [10] [11] [12] [13] was also reported for the determination of SA, but its application was limited due to lower selectivity, or a high concentration of an acidic medium, which was corrosive to the flow-type experimental system, or the need for a complex procedure and special handling technique when preparing the reactor.
The purpose of our study was to develop a precise, inexpensive, rapid and sufficiently sensitive method for the quantitative determination of SA. Due to a high analytical frequency and a low detection limit as well as simple and inexpensive instrumentation, the CL method has been extensively applied to the analysis of a wide variety of important compounds. In the present work, it was found that the reaction between tris(2,2′bipyridyl) ruthenium(II) and cerium(IV) in a sulfuric acid medium produced a CL signal, which could be enhanced in the presence of SA. This phenomenon allowed us to develop a sensitive CL method for the determination of SA by coupling with HPLC. The proposed method was successfully applied to the determination of SA in human urine and serum biological fluid samples.
Experimental

Material and reagents
All chemicals were of analytical-reagent grade unless otherwise specified, and double distilled water was used throughout. Acetonitrile and water (HPLC grade) were from Fisher Scientific (Fair Lawn, NJ).
A stock standard SA solution (5.0 × 10 -4 g/mL) was prepared daily by dissolving SA (The National Institute For The Control of Pharmaceutical and Biological Products, Beijing, China) in the mobile phase. Standard solutions were prepared immediately before use by dilution of the stock solutions with the mobile phase.
Stock solutions of Ru(bipy)3 2+ (1.0 × 10 -3 g/mL) (Strem Chemicals, Newburyport, USA) dissolved in double-distilled water and Ce(SO4)2 (0.1 mol/L) (Sinopharm Chemical Reagent Co., Shanghai, China) dissolved in 0.05 mol/L H2SO4 were also prepared. Standard solutions of Ru(bipy)3 2+ and Ce(SO4)2 were prepared before use by dilution of the stock solutions with the double-distilled water and 0.05 mol/L H2SO4, respectively.
HPLC mobile phases were freshly prepared daily. Before use they were filtered through a 0.22-μm filter (Xin'ya, Shanghai, China), and then degassed.
Sample preparation
A two-milliliter fresh human urine sample was collected from a healthy male volunteer. Then, the urine sample was centrifuged for 10 min at 3500 rpm. The supernatant was transferred to a 25-mL brown volumetric flask, and then diluted to volume with ultra-pure water. The solution was homogenized and filtered through a 0.22-μm syringe filter (Xinya, Shanghai, China) before injection onto the HPLC-CL system (injection volume, 20 μL).
Serum samples were obtained from Appertain Hospital of Southwest University. To a 2.0 mL serum sample, 3.0 mL of methanol was added, vortex-mixed for 2 min and centrifuged at 3500 rpm for 10 min. An accurately measured 0.5 mL volume of the supernatant was transferred into three 25 mL brown volumetric flasks, and 5.0 × 10 -5 g/mL SA standard solutions were added to make the compound serum samples, respectively. All of the concentrations of SA in the compound serum samples were 5.0 × 10 -7 g/mL. The urine and serum samples used in the recovery studies were fortified by the addition of a known concentration of SA (0.1 × 10 -6 , 1.0 × 10 -6 , 10.0 × 10 -6 and 1.0 × 10 -6 , 2.0 × 10 -6 , 5.0 × 10 -6 g/mL, respectively).
Experimental apparatus
The eluent carrying the sample was delivered by means of a Hitachi (Japan) D-7000 high-pressure HPLC pump. The analytical column was a 150 × 4.6 mm Dynamax column from Rainin Instrument (Woburn, MA), packed with a 5 μm, 100 Å pore size, Microsorb C18 silica stationary phase. The volume of the sample loop was 20 μL. Super-pure distilled water was obtained by Unique-R10 multifunction super-pure water machine (Research Scientific Instruments Co., resistance rate, >18.2 MΩ). The CL was transformed into an electrical signal by a photomultiplier tube, and then recorded with an MCFL-A multifunctional BPCL analytic system (Ruimai Electron Science and Technology, Xi'an, China). The manifold is shown schematically in Fig. 1 . PTFE tubing of 0.8 mm i.d. was used for all connections. Data acquisition and treatment were performed with HSM software running under Windows XP.
Quantitative determinations were based on the net CL intensity, ΔI = ΔI1 -ΔI2, where ΔI1 is the relative CL intensity in the presence of SA, and ΔI2 is the relative CL intensity in the absence of SA.
Results and Discussion
Optimum of the CL system
To obtain the highest sensitivity, the CL reaction conditions and the HPLC mobile-phase composition were optimized. SA standard solutions (1.0 × 10 -5 g/mL) were used for optimization experiments.
The effects of the concentrations of the acidic medium, Ce(SO4)2, and Ru(bipy)3 2+ were investigated. KMnO4 and Ce(SO4)2 are the common oxidant reagent in the Ru(bipy)3 2+ CL system. Compared with the KMnO4 (dark color) oxidant reagent, we chose cerium sulfate as the oxidant, because perhaps its light color results in a weak capability to absorb light; on the other hand, perhaps cerium sulfate had an important role (as a double oxidant effect) in the Ru(bipy)3 2+ -Ce(SO4)2 CL system. Because the Ce(IV) solution was dissolved and confected with a sulphate solution in the experiment, the acidity of the solution was adjusted according to H2SO4 medium. What is more, no literature has reported the reaction of SA and cerium sulfate as the oxidant. Therefore, we chose a Ce(IV) solution as the oxidant in the new chimiluminescence system. The Ce(IV) species exist as sulfated complexes in a solution of H2SO4; it has already been reported in the literature 14, 15 that thereinto the reactive species of the oxidants are Ce 4+ , Ce(SO4)2 and HCe(SO4) 3- . The effect of the H2SO4 concentration concerning the CL intensity was investigated in the range of 0.02 to 0.5 mol/L. The CL intensity increased with an increase in the H2SO4 concentration up to 0.05 mol/L, and then gradually become stable with a continuous increase in the concentration ( Fig. S1 in Supporting Information). The stability in the signal at higher concentrations of H2SO4 was due to the amount of the Ce(IV) reactive species of the oxidants that decreased with the acidic medium concentration.
Therefore, an optimal concentration of 0.05 mol/L was then chosen.
As an oxidant, Ce(SO4)2 had a good effect on oxygenating Ru(bipy)3 2+ and SA, respectively; then, their middle oxidation products interacted with each other to emit luminescence, owing to energy transferring. Determining the effect of the Ce(IV) concentration on the CL intensity was studied over the range of 3.0 × 10 -4 to 1.0 × 10 -3 mol/L. A higher CL signal could be obtained at a lower Ce(IV) concentration. At a concentration of 7.0 × 10 -4 mol/L, we could detect the highest CL signal in the range. Above a concentration of 7.0 × 10 -4 mol/L, the CL intensity decreased, and then gradually become stable with increasing the Ce(SO4)2 concentration, perhaps because the amount of the Ce(IV) reactive species of the oxidants decreased. Thus 7.0 × 10 -4 mol/L Ce(SO4)2 was selected as being optimum for the present system. In the reaction of cerium sulfate with Ru(bipy)3 2+ and SA, a high luminescence was emitted; the luminescence signal decreased at a higher Ce(IV) concentration, perhaps because its solution color changed to dark with a higher Ce(IV) concentration; or perhaps the capability of absorption of light was stronger than at lower Ce(IV) concentration. The results are shown in Fig. 2 .
As a luminescence reagent, the concentration of Ru(bipy)3 2+ has an important role concerning the whole CL intensity. Under the precondition of a medium concentration, the effect of the Ru(bipy)3 2+ concentration on the relative CL intensity was studied in the range of 2.0 × 10 -5 to 1.6 × 10 -4 g/mL. The results of relative the CL intensity and the signal-to-noise ratio (S/N) are shown in Fig. 3 . The result of our experiment showed that increasing the luminescence the reagent Ru(bipy)3 2+ concentration produced an increasing relative CL intensity (ΔI). When the Ru(bipy)3 2+ concentration was up to 1.4 × 10 -4 g/mL, Fig. 1 Schematic diagram of the HPLC-CL detection system. a, Mobile phase; b, Ce(SO4)2; c, Ru(bipy)3 2+ ; P1, high-press pump; P2, peristaltic pump; SV, sampling valve; HC, HPLC column.
we could obtain the highest ΔI although the CL signal increased as the concentration of Ru(bipy)3 2+ increased, while the S/N decreased. The S/N value could become maximum, but resulted in a lower relative CL intensity in the concentration of Ru(bipy)3 2+ , 1.4 × 10 -4 g/mL.
Considering a compromise between the factors concerning the effects on ΔI and S/N, finally, the concentration of Ru(bipy)3 2+ was thus 1.4 × 10 -4 g/mL, chosen as the optimum concentration.
The flow rate of the peristaltic pump carrier is one of very important factors in CL reactions, and should be regulated. A slower or faster flow rate could cause the CL reaction to occur before or after the flow cell, respectively. An appropriate flow rate resulted in the highest CL intensity signal being acquired exactly at the flow cell. Under the optimum conditions described above and at a constant flow rate of the high-pressure pump, 1.0 mL/min, the experimental results showed that the maximum CL signal was most achieved when the flow rate of the peristaltic pump was 1.45 mL/min.
Optimization of HPLC
As for HPLC-CL detection, the composition of the mobile phase and its flow rate were optimized as a compromise between the resolution and the CL intensity. Commonly, methanol and acetonitrile were available as the organic part of the mobile phase. In our work, we tested the separation situation, and the relative CL intensity was considered under the same percentage of methanol-0.02 mol/L KH2PO4 and acetonitrile-0.02 mol/L KH2PO4. The results showed that the two different mobile phases could almost completely separate SA with an isocratic elution program and non-extent restrains the CL signal. Although acetonitrile-0.02 mol/L KH2PO4 weakly quenched the CL signal, the baseline was hardly stabilized, and shifted easily. While the use of a mobile phase containing methanol greatly quenched the CL signal and produced a lower background emission and its baseline was very smooth, nevertheless, the results showed that methanol-0.02 mol/L KH2PO4 was chosen as the mobile phase for further study. The concentration of methanol in the mobile phase was initially optimized by varying the methanol-0.02 mol/L KH2PO4 mixture ratio in the range of 50 -90% (v/v) methanol at a constant flow rate of 1.0 mL/min; 75% methanol proved to enable the best separation ( Fig. S2 in Supporting Information). An appropriate high-pressure pump flow rate influenced the quantum and the retention time of the objective analyses. Less of quantum resulted in a lower sensitivity, and a long analysis time consumed much more reagents and changed the peak shape. The effect of the high-pressure pump flow rate on the CL intensity was studied in the range of 0.4 to 1.0 mL/min. Considering the sensitivity and the signal-to-noise synthetically, the flow rate of the high-pressure pump of 0.5 mL/min was selected as being optimum for the whole present system ( Fig. S3 in Supporting Information). By using the optimized conditions of 75:25 (v/v) methanol-0.02 mol/L KH2PO4 as the mobile phase at a flow rate of 0.5 mL/min, SA was separated perfectly. The retention time of SA was 5.35 min for complete separation.
Linearity, sensitivity, and precision
In the present work, the HPLC-CL method for the determination of SA was validated by determining its performance characteristics regarding linearity, DL, precision and accuracy. Under the optimum conditions described, the calibration graph of the CL signal against the SA concentration was linear in the range of 2.0 × 10 -8 -1.0 × 10 -5 g/mL, from the calibration curve, the DL at a signal-to-noise of three was 8.0 × 10 -9 g/mL. The regression equations was ΔI = 248.24c (10 -6 g/mL) + 247.04 (r 2 = 0.9966). (Fig. S4 in Supporting Information) A complete analysis was performed with a relative standard detection (RSD) of 2.2% for 1.0 × 10 -5 g/mL SA (n = 11).
Comparison to other methods
The dynamic linear range, assay time, DL as well as the application of the developed method were compared with other literature methods; the results are summarized in Table 1 . The results indicate that the proposed method has a lower DL than those of these methods.
Compared to other separation technology (HPLC-UV, 4 DL = 3.8 × 10 -8 g/mL; HPLC-MS, 6 DL = 1.5 × 10 -8 g/mL; HPLC-FL, 8 DL = 1.38 × 10 -10 g/mL), the proposed method using a simple mobile phase realized SA very complete separation in a short analytical time (retention time, RT = 5.35 min) without suffering from our tedious procedure. Compared to other CL analysis methods (KMnO4-HCHO, 10 KMnO4-C2H2O2, 11 luminol-H2O2-Cu(II) 12 CL system), the proposed method performed in a simple (no complex procedure) and sensitive (DL = 8.0 × 10 -9 gmL -1 ) way. Moreover, we established a new CL system, Ru(bipy)3 2+ -Ce(IV) to determinate SA, and owing to the method's high selection resulted in applying to serum and urine biological fluids samples.
Application of the HPLC-CL method
To test the applicability of the proposed HPLC method to real samples, the present CL system Ce(SO4)2-Ru(bipy)3 2+ detection method was applied for the determination of SA in human urine and serum biological fluid samples. Owing to the serum and urine, the biological fluids samples are very complex. To Compared with the serum and urine containing SA ( Fig. 4(II) , 1.0 × 10 -6 g/mL; Fig. 4 (IV), 1.0 × 10 -6 g/mL) chromatography, the method enables the determination of SA in biological fluids samples without other substances interference. Endogenous compounds interfering with the retention of SA cannot be seen in the chromatograms. The urine and serum samples used in the recovery studies were fortified by the addition of a known concentration of SA (0.1 × 10 -6 , 1.0 × 10 -6 , 10.0 × 10 -6 and 1.0 × 10 -6 , 2.0 × 10 -6 , 5.0 × 10 -6 g/mL, respectively) injected three times for each samples. The experimental results are summarized in Table 2 . The accuracy was calculated as the percentage recovery, and the precisions (RSD) were all less than 5%. The proposed method had a wide linear range and a lower detection limit, as well as higher sensitivity and rapidly. Therefore, the HPLC-CL method offered a sensitive, simple and rapid method for the determination of SA in human urine and serum biological fluids samples.
Conclusions
A new, simple, sensitive and rapid CL system Ce(SO4)2-Ru(bipy)3 2+ post-column detection method combination with a high separation efficiency technique of HPLC has been established for the determination of SA. The method has proved that the CL reaction is very compatible with the mobile phase of HPLC. Further, this method has obtained satisfactory results for the analysis of SA in human urine and serum biological fluids samples. Currently, we are investigating the combination system of this detection method and a fast separation technique in order to achieve a high sample throughput. 4 Chromatograms of SA. Ru(bipy)3 2+ , 1.4 × 10 -4 g/mL; Ce(SO4)2, 7.0 × 10 -4 mol/L; H2SO4, 0.05 mol/L; flow rate of the peristaltic pump, 1.45 mL/min; flow rate of the high-pressure pump, 0.5 mL/min. Chromatograms obtained with: (I) a standard of SA (2.0 × 10 -6 g/mL), (II) the urine containing SA (1.0 × 10 -6 g/mL), (III) blank urine, (IV) the serum containing SA (1.0 × 10 -6 g/mL), (V) blank serum. 1, SA; 2′, 2 -10, unknown substances in urine or serum. the Ce(SO4)2 concentration (Fig. S2 ). The effect of the methanol concentration in mobile phase (Fig. S3 ). The effect of the flow rate of the high-pressure pump (Fig. S4 ). The calibration curve of SA (Fig. S5 ). This material is available free of charge on the Web at http://www.jsac.or.jp/analsci/.
